Introduction
============

Bacteriophages or "phages" are viruses that specifically infect bacteria and replicate within them ([@B01]). Phages do not have their own metabolism, therefore they need material resources and host metabolism and energy to replicate ([@B02]). There is no universal method of virus classification. The current phage classification, developed by the International Committee on Taxonomy of Viruses (ICTV) is based on a set of properties that may or may not be present in a particular member. This classification includes one order, 14 families and 37 genera ([@B03]). The genetic diversity of phages is extremely high. The similarity of bacteriophage nucleotide sequences isolated from different bacterial hosts or even from common hosts is small or not identifiable ([@B03], [@B04]).

*Pseudomonas* bacteriophages have been studied for decades. They have been used in phage typing and therapy ([@B05]). They appear pleomorphic and tailed by electron microscopy. The order *Caudovirales* includes three families of phages, Myoviridae, Siphoviridae and Podoviridae that infect bacteria of the genus *Pseudomonas*. Most phages observed by electron microscopy belong to the family Siphoviridae ([@B06]), which includes phages B3 and D3112, commonly isolated from natural populations and clinical isolates of *Pseudomonas aeruginosa* ([@B07], [@B08]).

The Laboratório Especial de Microbiologia Clínica is a reference laboratory in clinical microbiology and stores bacteria isolated from patients from different regions of Brazil and other countries. Some strains of *P. aeruginosa*, when removed from the culture collection and inoculated onto MacConkey agar to be used in research projects or to be sent to other laboratories, did not grow or grew poorly, sometimes showing signs of lysis on the plate. One hypothesis was that the clinical isolates of *P. aeruginosa* stored in the laboratory\'s culture collection were not viable due to the presence of bacteriophages infecting and killing these samples.

In order to investigate this hypothesis we checked the best storage conditions to maintain viable *P. aeruginosa* for a longer time and tried to demonstrate the presence of bacteriophages infecting the stored clinical isolates of *P. aeruginosa*. We looked for bacteriophages in *P. aeruginosa* by electron microscopy and observed the ability of bacteriophages to infect antibiotic-sensitive and -resistant *P. aeruginosa* strains.

Material and Methods
====================

Phage and bacterial strains
---------------------------

Ten clinical isolates of *P. aeruginosa* that showed plaques on MacConkey agar (presumably infected by lysogenic bacteriophages), when they were streak seeded and incubated at 37°C overnight after being received at the laboratory, were included in this study. These bacteria were selected from isolates obtained between November 2008 and March 2009 ([Table 1](#t01){ref-type="table"}). Phages included in this study were extracted from these clinical isolates. We included three clinical isolates of *P. aeruginosa* that did not show lysis on the inoculation plate as alternative hosts. All clinical strains were isolated from Brazilian hospital patients in various years ([Table 1](#t01){ref-type="table"}). PAO1 was also included as an alternative host.

Lambda phage::Tn5 and its propagating strain *Escherichia coli* E7026 were used as a positive control and were kindly provided by Dr. Rosa Maria Silva, Departamento de Microbiologia e Imunologia Básica, Universidade Federal de São Paulo, São Paulo, SP, Brazil.

Influence of different storage conditions on the maintenance of strains and on plaque formation
-----------------------------------------------------------------------------------------------

About five colonies of each clinical isolate of *P. aeruginosa*, including the strains suspected to be infected with phages and the three clinical isolates used as alternative hosts, were grown on MacConkey agar (Oxoid, UK) at 37°C overnight. All strains had been previously isolated at a hospital or laboratory as shown in [Table 1](#t01){ref-type="table"}. Each clinical isolate was inoculated into four sterile tubes containing 1.0 mL sterile deionized water and into three sterile tubes containing 1.0 mL sterile Tryptic Soy Broth (TSB, Oxoid) with 15% glycerol. Each tube was inoculated with a 10-µL loop fresh culture. The four tubes containing the isolate and deionized water were stored at room temperature, 4°, -20° or -70°C. The three tubes containing the isolate and sterile TSB with 15% glycerol were stored at 4°, -20° or -70°C. The isolates were seeded monthly for 12 months on MacConkey agar using a 10-µL disposable loop, and incubated at 37°C for 24 h. Plates were checked monthly for bacterial growth and the occurrence of spontaneous lysis. The presence of a single colony was considered bacterial growth.

We calculated the number of isolates that were not viable (i.e., "dead") at the end of the study. The recovery percentage of the isolates (i.e., number of isolates that grew when they were removed from storage and seeded) was calculated each month during the 12 months of the study. We considered bacteria dead if they did not grow on the culture medium for three or more consecutive samplings until the end of the 12 months of evaluation. If there were three consecutive samplings without growth, but growth resumed later, we considered the bacteria viable.

Obtaining plaques
-----------------

Lysogenic phages were extracted from the 10 clinical isolates as previously described. This protocol was developed independently of the evaluation of the influence of different storage conditions on the maintenance of strains and formation of plaques. The overlay method protocol used has already been described ([@B09]), but was used with some modifications.

The 10 clinical isolates and the *E. coli* E7026 propagating strain were grown in Luria Bertani broth medium (LB, Sigma, USA) with shaking at 110 rpm and 37°C until reaching an absorbance (A~640~) of 1.0. Then, 1.0 mL of each *P. aeruginosa* culture was incubated at 37°C for 15 min. A 0.5-mL sample of the E7026 suspension was mixed with 0.5 mL lambda phage and incubated at 37°C for 15 min. The clinical strains were not infected with the lambda phage because it was assumed that they were already infected by lysogenic phages. A 0.2-mL sample of each suspension was mixed with 3.0 mL melted top agar cooled to 45°C in sterile glass tubes.

The mixtures were prepared in duplicate. Each mixture was poured onto a Petri dish containing solid LB with 1.5% agarose, and all plates were incubated at 37°C for 18-24 h. Bacterial growth and the presence of plaques were observed.

Preparation of phage stock suspensions
--------------------------------------

The protocol used has already been described ([@B10]), but was used with some modifications. We added 3.0 mL phage buffer (1 M Tris-HCl, pH 7.5, 10 mM MgSO~4~, 10 mM NaCl, 2.0% gelatin) to each plate with plaques (obtained as described) and incubated them at 4°C for 24 h. The liquid phase was collected and centrifuged for 30 min at 4500 *g* and 4°C. The supernatant was filtered (0.22-µL membranes, Millipore^¯^, USA) and the phage stock suspensions were stored at 4°C. Duplicates from cultures of the same bacterium were collected in the same tube for processing.

Infection of alternative hosts by phages
----------------------------------------

The alternative hosts were infected with phage stock suspensions obtained as described above. The ability of each phage to infect the alternative hosts and cause lysis was tested. *E. coli* E7026 and lambda phage::Tn5 were used as a positive control test for lysis. Alternative hosts (E7026, PAO1, P1088, P7960, and P9758) were seeded on MacConkey agar and incubated at 37°C overnight. Three to five colonies of each bacterium were inoculated into 3.0 mL TSB and incubated at 37°C overnight. Bacterial suspensions were then diluted 1:10 with TSB, and 0.2 mL of each dilution was seeded on MacConkey agar using a Drigalsky handle to obtain confluent growth. On these plates, 0.02 mL of each phage stock suspension was spotted with a pipette and disposable tips. After drying at room temperature, the plates were incubated at 37°C for 16-18 h and then observed for the presence of plaques.

Electron microscopy
-------------------

Bacteriophage particles were negatively stained, examined by electron microscopy at Instituto Adolfo Lutz and characterized by morphology as outlined by Ackermann ([@B03]). The specimen grids were prepared from plaques obtained by the method described above. Briefly, viral particles were adhered to 300-mesh formvar/carbon-coated copper grids. The electron micrographs were obtained with a JEOL JEM-1011 transmission electron microscope operating at 80 kV, and the electron micrographs were recorded with a charge-coupled device camera (model 785 ES1000W, Gatan, USA) and the Gatan version 1.6 program. About five measurements were made for each phage examined.

The protocol used to prepare the grids has been described ([@B11]), [@B12]), but some modifications were made. Grids were placed for 10 min on a drop of 1% Alcian blue to make them more hydrophilic, dried with filter paper and washed three times with distilled water. The grid remained in distilled water until used. Fifty microliters of 2% potassium phosphotungstate (PTK), pH 6.4, was added directly onto a plate. The PTK was mixed by scraping the plaques on the plates gently with the pipette tip. The grid was removed from the water; the excess water was removed and the grid was placed in contact with the resuspended plaques in the PTK. The grid was then washed in a drop of PTK and dried with filter paper, and remained at least 24 h at room temperature before the analysis by electron microscopy.

Results
=======

Influence of different storage conditions on maintenance of strains and plaque formation
----------------------------------------------------------------------------------------

The best storage condition for the *P. aeruginosa* clinical isolates was in water at room temperature ([Table 2](#t02){ref-type="table"}). All isolates were viable at the end of the study and only one isolate (0.6%) did not grow in 1 of the 12 months of evaluation. We considered dead bacteria to be those that did not grow for three or more consecutive subcultures until the end of the 12 months of evaluation. There were 13 isolates stored at each storage condition that were subcultured 12 times each. Altogether, there were 156 subcultures from each storage condition, but one that was stored in water at room temperature did not grow, therefore, as mentioned above, 155 of 156 subcultures (99.4%) grew bacteria. The largest number of samples with formation of plaques (80/156 subcultures) was from bacteria stored in water at 4°C or TSB with glycerol at 4°C. TSB with glycerol at -70°C was the storage condition with the lowest number of samples with plaque formation (12/156).

Infection of alternative hosts by the phages
--------------------------------------------

The ability of the extracted bacteriophages to infect the alternative bacterial strains was restricted mainly to the P7960 mucoid, multidrug-resistant *P. aeruginosa* strain, which was lysed by 50% of the phages tested ([Table 3](#t03){ref-type="table"}). PAO1 was not lysed by any of the phages.

Electron microscopy
-------------------

Bacteriophages were seen in 5 of 10 *P. aeruginosa* clinical isolates that we suspected to be infected (P9583, P9705, P9808, P9810, and P9842). Family Siphoviridae bacteriophages (with flexible tails) were found on grids obtained from clinical isolates P9583, P9808, and P9842 ([Figure 1](#f01){ref-type="fig"}), and family Myoviridae bacteriophages (with a neck and contractile tail) were found on grids obtained from clinical isolates P9705 and P9810 ([Figure 2](#f02){ref-type="fig"}). Probable capsids or tails were visualized in the other 4 *P. aeruginosa* clinical isolates: P9582, P9809, P9812, and P9715 (data not shown). Bacteriophages were not observed on grids obtained from sample P9611.

![Family Siphoviridae bacteriophages isolated from clinical samples. The scale bar corresponds to 100 nm. *A*, Phage isolated from *Pseudomonas aeruginosa* P9583. *B*, Phage isolated from *P. aeruginosa* P9808. *C*, Phage isolated from *P. aeruginosa* P9842.](1414-431X-bjmbr-46-08-0689-gf01){#f01}

![Family Myoviridae bacteriophages isolated from clinical samples. The scale bar corresponds to 100 nm. *A*, Phage isolated from *Pseudomonas aeruginosa* P9705. *B*, Phage isolated from *P. aeruginosa* P9810.](1414-431X-bjmbr-46-08-0689-gf02){#f02}

Discussion
==========

We suspect that phages influenced the survival of the bacteria. Host nutritional and metabolic status are critical for viral infection and proliferation, affecting adsorption, replication, lytic activity, and phage survival. Several studies have shown that the highest rates of phage proliferation and production were observed under conditions ideal for host growth. The low availability of nutrients resulted in an increased latency period and reduced release of phage particles ([@B13]- [@B16]). Phage particles can also be formed during the host stationary phase; however, cell lysis can be interrupted ([@B02]).

Starvation for as long as 5 years does not prevent viral reproduction in all host species, although cell lysis is delayed and burst size reduced ([@B02]). We suspect that, during storage in water, the low availability of nutrients results in an increased phage latency period, reduced release of phage particles, or formation of phage particles with interruption of lysis. Therefore, when bacteria are grown in a rich medium, the lytic pathway is favored and cell lysis occurs.

Due to spontaneous lysis in the initial monthly subcultures during evaluation of bacterial storage conditions, initial phage stock suspensions were obtained without need to induce the lytic cycle with UV light or mitomycin. We rationalized that the temperate phages present in *P. aeruginosa* clinical isolates entered in a lytic cycle when seeded after extended starvation. In the course of time, lysis became less frequent perhaps because of the successive thawings and seedings, and we tried to induce the lytic cycle by heating the bacterial culture to 45°C.

According to Sambrook and Russell ([@B17]), λ phage carrying a mutation in the *cI* gene can be induced to enter the lytic cycle by heating the bacterial culture at 45°C, since heating at this temperature partially inactivates this gene. Under normal conditions, the *cI* gene inhibits expression of lytic functions. We suppose that this also occurs with *P. aeruginosa* phage, but at a higher temperature (50°C), because λ phage is a coliphage and we are investigating *Pseudomonas* phage.

Initially, it was difficult to define the methodology to be used to assess the best storage condition. We tried to reproduce conditions in the study protocol that were exactly the same as those in our culture collection. The best condition found to store the strains, water at room temperature, was already being used in our laboratory. It is important to maintain the viability of strains, especially during storage, because they are used in national and international surveillance, research projects in bacterial resistance to antimicrobials, and investigations of mechanisms of resistance.

The plaques seen on MacConkey agar that aroused interest in the investigation of phages could also be due to autolysis of *P. aeruginosa*, which can be an adaptive behavior mediated by an extracellular signal of the Quorum Sensing hierarchy. There is a correlation between strains with pronounced lysis and overproduction of the *Pseudomonas* quinolone signal, an extracellular signal that interacts with Quorum Sensing, and the mechanism of autolysis may involve activation of endogenous prophage ([@B18]).

The alternative host and control strain, PAO1, widely used as a propagator strain in studies involving *P. aeruginosa* bacteriophages, did not show lysis by any phage released by our clinical isolates. However, we cannot state that this strain was resistant to phages. Perhaps some phage had infected PAO1 but entered a lysogenic pathway, or actually no phage infected this bacterium. There may be more phages in nature than thought. Some studies have used PAO1 primarily to select lytic phages from water or the environment ([@B19]- [@B21]), but there are many phages in the environment that do not infect PAO1 or infect it but did not show lysis (i.e., lysogenic phages).

The extracted phages used in this study are temperate, and may have integrated their genomes into the PAO1 chromosome to establish a prophage state without undergoing a lytic interaction. We suggest that further studies using the agar overlay method with PAO1 and extracted phages be performed with top agar melted and cooled to 50°C during the inoculation of phage in the bacteria. A suitable protocol has been described recently ([@B05]).

The phage extracted from *P. aeruginosa* P9808 infected and caused lysis in 3 of the 4 strains tested as alternative hosts, suggesting that this phage has a common gateway in these strains and that essential components of the cell surface may facilitate the phage adhesion. The isolate P7960, a mucoid strain, showed lysis by 50% of the phages tested. Mucoid strains in patients with cystic fibrosis are difficult to eradicate. The alginate production and biofilm formation by these strains contribute significantly to the resistance to treatment regimens and host defenses, resulting in a poor prognosis for patients with cystic fibrosis ([@B22]). Our hypothesis about this finding is that some changes in the bacterial cell wall and membrane may make it more permissive to the interaction between the capsid and the membrane protein, since the molecules recognized by phage usually are essential components of cell surface ([@B02], [@B23]). The adhesion of phage to a host cell can employ structural material (glycoproteins and lipopolysaccharides), transport machinery (porins, amino acids or complex sugar transporters), and interaction apparatus between cells (F pili) depending on the phage type. Receptors responsible for adsorption *in situ* remain unknown ([@B02], [@B24]).

The evidence that the mucoid strain showed lysis to half of the phages tested reinforces the idea that phage therapy can be an effective alternative for the treatment or prevention of infections caused by multiresistant bacteria ([@B25]). Mucoid strains of *P. aeruginosa* are difficult to be eradicated with treatment, mainly in patients with cystic fibrosis([@B22], [@B26]). This finding has aroused our interest and we intend to begin study of such samples. Our hypothesis regarding the mucoid strain susceptibility to phage infection is that some changes in the cell wall and membrane of the bacteria may make it more permissive to the interaction between the capsid and membrane proteins, again because the molecules recognized by phages are usually essential components of the cell surface ([@B02], [@B23]).

Phage particles were only seen by electron microscopy when we used the protocol developed at Instituto Adolfo Lutz, in which the grids were prepared directly from plaques. We tried to obtain micrographs directly from the phage stock suspensions, but were not successful. We assume that this occurred due to the low titer of phage particles, despite the stock suspension having been obtained from numerous lysis plates after inoculation of the bacterial culture on top agar melted and cooled to 45°C. No phage particles were visualized infecting sample P9611, but it is not possible to state that this bacterium was not infected because the phage DNA might have been present in the prophage state.

The phages were classified only based on morphology. Because the ICTV\'s virus taxonomy has been continually under review, we classified our phages only by order and family according to Ackermann ([@B03]). Three different phage morphotypes were visualized, suggesting that the bacterial strains already had prophages when isolated from patients and that there was not a common source of phage contamination during the storage or manipulation of the clinical isolates. It would be interesting to investigate whether the phages found with the same morphotype show the same DNA restriction profile or the same gene sequence.

Lysogenic phages extracted from bacterial samples are not suitable for phage therapy studies because they have the property of integrating themselves into the bacteria. *Pseudomonas* lytic phages are the most suitable ([@B27], [@B28]), and can be obtained from environmental samples of water, including sewage, ocean and fresh water, and soil ([@B05], [@B06]).
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